Precipitation and catchment characteristics of mountainous headwaters can vary largely within short distances. It remains unclear how these two factors determine the contribution of event water and pre-event water to stormflow. We investigated this in five neighboring headwaters with high annual precipitation amounts (>2,000 mm y À1 ) in a steep pre-alpine region in Switzerland. Rainfall and streamwater of 13 different rainstorms were sampled (P: 5 mm intervals, Q: 12 to 51 samples per events) to perform a two-component isotope hydrograph separation. Pre-event water contributions based on δ
INTRODUCTION
Runoff generation processes vary in space and time. The spatial variation is controlled by catchment properties such as land-use/cover and geology, while the temporal variation is mainly controlled by hydrometeorological conditions such as precipitation and soil moisture. Understanding this spatiotemporal variability of runoff processes as a function of precipitation and catchment characteristics is important for predictions of streamflow quantity and quality.
As part of the water itself, the stable isotopes δ 18 O and Pre-alpine headwaters are characterized by a large spatiotemporal variability of precipitation and variation in land cover, topography, and geology (Gurtz et al. ) .
Despite the heterogeneous catchment characteristics, baseflow processes in neighboring pre-alpine headwaters can be similar (Fischer et al. ) . During stormflow however, it remains to be quantified how the variability of precipitation and catchment characteristics controls runoff processes in these headwaters.
In this study we investigated a steep pre-alpine region with high annual precipitation amounts (>2,000 mm y À1 ) in Switzerland using IHS for five neighboring headwaters and 13 different rainstorm events. The objective was: (1) to assess differences in pre-event water contribution between headwaters and different events; and (2) to relate these differences to rainfall, catchment, and antecedent characteristics.
METHODS

Study area
The study area, the Zwäckentobel, is a pre-alpine catchment in Switzerland and approximately 40 km south of Zurich.
The climate is humid with a mean annual temperature of 6 W C. The mean annual precipitation is 2,300 mm y À1 , of which half falls during the snow-free season (June-October).
It rains approximately every second day and about one-third of the annual precipitation falls as snow (Stähli & Gustafs- on top (Figure 1(b) ). The spatial distribution of shallow soils (depth 1 m) was taken from Fischer et al. () . The soils have a high silt and clay content resulting in a low matrix permeability but a high drainage capacity in macropores and the organic layer of 20-50 cm (Feyen et al. ) .
The land cover of the Zwäckentobel was classified by rather collected all samples directly after a rainfall event to Antecedent dry spell (ADS), antecedent precipitation index with 7 days prior to an event (API7), antecedent groundwater level (AGL1), antecedent discharge (AQ1), rainfall duration (P length), mean event rainfall sum all rain gauges (P sum ), mean average hourly rainfall intensity of all rain gauges (P), maximum hourly rainfall intensity of all rain gauges (P max ), mean stream responds to rainfall of all headwaters (H responds), maximum specific discharge of WS04 (Q peak ), runoff coefficient (Q/P). Spatial standard deviation is in brackets. The number of sampled events varied per stream from 6 to 11 (Table 3) .
Water sample analysis
The collected water samples were analyzed for their stable isotope composition at the stable isotope laboratory of the 
IHS
For the different rainfall-runoff events a IHS was used to quantify the fraction of pre-event water in storm runoff, f PE (Equations (1) and (2)) (Sklash & Farvolden ):
The symbol C describes the stable isotope composition of stormflow (streamwater), baseflow (pre-event water), and rainfall (event water) indicated with subscripts S, PE, and E, respectively. The incremental intensity mean (McDonnell et al. ) was used to account for the event water (Equation (3)). Here, I i is the rainfall intensity and δ i is the stable isotope composition of the accompanying precipitation. Some sequential rainfall samplers malfunctioned during some events. Therefore the nearest sequential rainfall sampler, which sampled the majority of the events, was assigned to each headwater (WG-1 for WS04 and WS07, TB-6 for WS10 and WS11, and TB-10 for WS19) to be O in event water (dark line), streamwater (grey squares), pre-event water (triangle), and air temperature (dashed line). Bottom panels show precipitation (inverted, from the top), water level (solid dark line), and fraction of pre-event water fpe (circles and grey area below the hydrograph).
used in the IHS.
For each of the 13 events, the uncertainty of the pre-event water contributions was quantified based on Equation (4 
Data analysis
For each sampled event, three proxies were used to describe the antecedent conditions of the study area (Table 2 ). Based on rain gauge WG-01 (1998 WG-01 ( -2011 , the antecedent precipitation index, with 7 days prior to an event (A PI7 ), was calculated. Additionally, the antecedent discharge (A Q1 ; WS04) and groundwater level (A GL1 ; long-term groundwater well near WG-01) were derived, both for 1 day prior to an event. From 14 rain gauges, the mean and standard deviation of different rainfall characteristics were derived for each event. In WS04, the maximum discharge Q max was derived and the runoff coefficient was additionally com- For every event, the exceedance probabilities of maximum event discharge (WS04, 1998 (WS04, -2011 and event rainfall sum (WG-1, 1998 (WG-1, -2011 were determined (Figure 3 ).
In addition to standard representation of the IHS (hydrograph, precipitation, air temperature, stable isotope, and calculated pre-event water), we related the rainfall characteristics, antecedent conditions, and baseflow, 1 day before an event (WS04), to the observed minimum f PE (near the maximum discharge) using a linear relation to explain differences in pre-event water. Additionally, five types of multiple linear regression were performed, where for each type, the rainfall characteristics, antecedent conditions, and baseflow 1 day before an event (WS04), were added stepwise to relate to the observed minimum f PE to explain differences in pre-event water.
RESULTS
Sampled event characterization
Thirteen rainfall-runoff events were sampled during the snow-free seasons of 2010 and 2011 (see Table 2 ). The and 6 mm h À1 with a maximum of up to 18 mm h À1 and a large spatial variability ( Table 2 ). The discharge of WS04-WS19 responded to rainfall with a delay of 10 min up to 1 hour for the different events ( Table 2) . Each of the events had different antecedent wetness conditions with A PI7 ranging from wet to dry (Figure 4) . The baseflow 1 day before an event (A Q1 ) was below 0.1 up to 16 l s À1 km À2 . The groundwater levels before an event (A GL1 ) were between À12 and À42 cm below ground surface.
Stable isotopes and hydrograph separation of sampled storm events
The isotopic composition of all isotope water samples followed the global meteoric water line (GMWL) and no fractionation was observed ( Figure 5(a) ). The IHS was performed using both δ 2 H and δ 18 O, which mainly resulted in 60 similar pre-event fractions with only two exceptions:
WS04 event 9 and WS19 event 5 (Tables 3 and 4 , and (Table 3 and Figure 6 ). The δ 18 O in event water varied for the different sampling locations by 0.5 and 2‰ and the temporal variability of events was 2 up to 12‰ (Table 3 and Figure 6 ). The δ 18 O difference between pre-event water and streamwater samples near the peak was about 0.5-2‰ and up to 0.5-4‰ for some larger events (Table 3 and Figure 6 ).
The minimum fraction of pre-event water ( f PE ) for the different streams and events varied from 0.01 up to 0.9 and occurred half an hour before or after a maximum water level ( Figure 6 ). For some events, the rainfall, preevent, or streamwater sample compositions were too similar to allow the fraction of pre-event water to be calculated (Table 3) . In events where IHS was possible, the uncertainties in the minimum fraction of pre-event water (Wf PE ) were between ±0.1 up to ±0.9 (Table 3) .
Comparison of three headwaters and events
The three headwater catchments with the best data coverage (WS04, WS10, and WS19) were selected for a more detailed comparison. In event 3, the maximum event rainfall sum was recorded above WS10, while different rainfall gradients were observed in WS04 and WS19 (Figure 7 (a) and 7(d)).
The rainfall intensities were moderate and spatially equal (Table 2 and Figure 7 (a)) and the hydrograph had multiple peaks ( Figure 8 , left column). After the maximum water level was reached, the air temperature decreased to 0 W C, and the rainfall changed to snowfall. The δ
18
O in event water of sampler WG-1, TB-6, and TB-10 started with a similar value but decreased to different minimums (Table 3 and Figure 8 , left column). During the rain-free period after the first peak, streamwater samples were missing because the automatic water samplers were full. Shortly before the maximum water level, all samplers were restarted twice. The δ 18 O in pre-event water and streamwater were similar for WS04 and WS10 while for WS19 it was slightly more In event 5, the rainfall amount and intensities increased from WS04 towards WS19 (Table 2 and Figure 7 (b) and 7(e)) and the hydrograph had two peaks (Figure 8 , middle column). The δ 18 O in event water of sampler WG-1 and TB-6 had a similar range, but were temporally different, while TB-10 was more depleted (Table 3 and Figure 8 , middle column). The δ 18 O in pre-event water and streamwater samples in WS04 and WS10 were alike and became more enriched towards the first peak of the hydrograph, while WS19 was more depleted. In all streams, the fraction of pre-event water decreased rapidly towards the first peak and increased during the intra-event of 6 hours.
With the onset of the rain, the streams responded fast and WS04 had the highest recorded discharge of the 13 events sampled (Figure 2 ). The fraction of pre-event water was 0.3 for WS04 and WS19, during the first and second peak. In WS10, the fraction of pre-event water during the first peak was 0.72 and decreased during the second peak to 0.55. After the maximum water level the different automatic water samplers were full, and were not restarted, and therefore further observations were missing.
Event 12 had an average and evenly distributed event rainfall sum and intensity (Table 2 and and TB-10 were alike, while more depleted in TB-06 (Table 3 and Figure 8 , right column). The δ 18 O in preevent water in WS04, WS10, and WS19 were alike and the streamwater increased on average 1‰ during events.
The rising limb was not sampled due to technical problems and started just at the maximum water level. The three different headwaters had fractions of pre-event water ranging from 0.51 to 0.6 and increased gradually during the falling limb to 1 (Table 3 and Figure 8 , right column). 
Explanatory factors of pre-event water fractions
In WS04, WS10, and WS19 the minimum fraction of preevent water decreased with increasing event rainfall sum ( Figure 9 , left column). To a lesser extent, the minimum fraction of pre-event water decreased with increasing maximum hourly rainfall intensities ( Figure 9 , right column). For both WS04 and WS19, the fraction of pre-event water in events 3, 5 and 12 was lower compared with WS10 ( Figure 9 ). In addition, no relation between antecedent wetness and minimum fraction of pre-event water was observed ( Figure 9 ). The relation between the minimum fractions of pre-event water was supported by the regression analysis.
The rainfall sum correlated best with the minimum fraction of pre-event water in studied headwaters and for the individual headwaters (Table 5) Minimum fraction of pre-event water ( f PE min ), event rainfall sum (P sum ), maximum hourly rainfall intensity (P max ), antecedent precipitation index with 7 days prior to an event (A PI7 ), antecedent groundwater level (A GL1 ), antecedent discharge (A Q1 ) of WS04.
minimum pre-event fraction. No significant relation between pre-event water and different catchment characteristics was found (analysis not shown).
The runoff coefficient was only available in WS04 and examined for temporal changes in relation to event rainfall sums ( Figure 10 ). For events with rainfall sums less than 50 mm, the runoff coefficient was below 0.5 (Figure 10 ).
With increasing event rainfall sum, the runoff coefficient increased to 0.7 (P ¼ 110 mm), while the fraction of preevent water decreased to 0.1. The overall pattern of the runoff coefficient in relation to event rainfall sums resembled the power law relation defined by Burch et al.
() (Figure 10 ).
DISCUSSION Assessment of pre-event water contribution
In our studied headwaters, we observed large spatial variability in rainfall sum, intensity, and stable isotope composition for the large events, over relatively short dis- acting as an extra storage of precipitation. As a consequence, the stormflow magnitude in relation to its rainfall sum decreased. During snowmelt no fractionation was observed in stream samples. However, we cannot exclude that fractionated melt water was diluted by pre-event water, or that snow melt contributed to delayed stream flow.
The isotope composition of rainfall was sampled with a higher resolution compared to many other studies (e.g., sampling locations, temporal resolution, and events). Nonetheless, due to the observed spatial variability of stable isotopes in precipitation and stream samples, using the nearest rain gauge for each headwater in the IHS might have This underlines the idea that when neglecting the spatial and temporal variability of rainfall characteristics and isotopic composition, one might get an incomplete picture of runoff processes.
Rainfall as a dominant factor in runoff processes
The frequent rainfall marked the headwater's wet character and its spatiotemporal dynamic. The fast hydraulic response of the streams and decrease of the fraction of pre-event water indicated the strong connection between rainfall and runoff. A statistical evaluation of controlling mechanisms was not possible because of the irregularly sampled data set (due to technical and logistic constraints). Instead, the minimum fraction of pre-event water was available for most sampled events. Buttle () used the minimum fraction of pre-event water to compare different studies around the world and concluded that pre-event water dominated the peak discharges. Similarly, the minimum fraction of pre-event water was used in our study watersheds to compare processes that occur during the peak discharge.
Despite the uncertainty, the minimum fraction of pre-event water, used as a qualitative proxy, indicated the overall pre-event or event water contribution during stormflow and could be related to explanatory variables. Rodhe However, the combination of the runoff coefficient with the minimum pre-event water contribution, provides additional useful information. Instead of separating the hydrograph into fast and slow runoff processes, the runoff coefficient described the volume of discharge produced due to a certain amount of precipitation. In combination with the IHS, it became visible that the volume of discharge contained a certain fraction of event water and both similarly increased with increasing precipitation.
Catchment characteristics as secondary factors in runoff processes
The observed variable fraction of pre-event water in WS04- Despite the differences in catchment characteristics between the neighboring streams at headwater scale, no significant difference in minimum fraction of pre-event water contribution was observed. Furthermore, none of the antecedent wetness proxies had any explanatory value on the minimum fraction of pre-event water. This can be explained by the frequent precipitation and by the catchment characteristics keeping the soil in a wet state.
In contrast to the conventional approach (i.e., studying one headwater with few events), our results highlight the necessity to study different neighboring headwaters and a wide range of event magnitudes (many events and many samples), to better understand the dynamic character and controlling factors in runoff processes.
